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SALINE ICE PENETRATION

A Joint CRUIL-NSWC Test Program

by

David M. Cole and Howard K, Steve*

INTRODUCTION

The response of saline ice to impact by kinetic energy penetrators is

currently of great interest to the defense community. Efforts to model the

penetration or perforation event* require a knowledge of the ice properties

and an understanding of how the ice deforms during various stages of the

event. This report describes a test program designed to further our under-

standing of the mechanics of the penetratiow, event through careful examina-

tion of the ice after penetration.

A series of ice penetration tests was carried out under a joint

project involving personnel from CRREL and the Naval Surface Weapons Center

(NSWC). The objective of these tests was to investigate the response of a

"saline ice sheet, nucleated and grown outdoors in the winter of 1984-85p to

penetration and perforation by projectiles. By "response" we mean detect-

able changes in the ice structure, including depth of penetration, crater

size and shape, extent of macro- and micro-fracturing and the extent and

location of zones of local crushing or recrystallization. We tested vari-

ous projectile nose shapes and masses as well as impact velocities and

angles.

This investigation leads to a better understanding of the deformation-

al processes in the ice during the penetration-perforation event and thus
will provide insight useful in modeling efforts.

* In this report, penetration means that the projectile entered the ice
sheet but did not pass through; perforation means that the projectile
passed completely through the ice.
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a. Vertical. b, Horixontal.

Figure 1. Thin sections of the naturally grown ice sheet.
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MATERIALS AND METHODS

Test site

All tests were run at CRREL in January 1985. A naturally grown saline

ice sheet was used for all but one of the tests. At the start of testing,

the sheet was approximately 210 mm (8.5 in.) thick. Because of several

extremely cold nights, the sheet grew to approximately 280 ma (1i in.)

thick by the end of the testing period. Figure 1 shows vertical and

horizontal thin sections* of the sheet and Figure 2 gives the salinity

profile. Note the relatively fine-grained discontinuous columnar material

to a depth of approximately 100 mm (4 in.). Figure 3 shows a photograph of

a block of the test material that had been removed from the sheet.

The sheet was grown in a 10- by 10- by 1-m concrete pool. The salin-

ity was 24 o/oo prior to freezing. The average salinity of the ice was

4.3 O/oo and the bulk density was 0.866 Mg/mr

Test equipment and instrumentation

General

The test program uped an air gun, with associated triggering and

timing mechanisms, to launch the projectiles and two high-speed cameras

with flash units and timing devices to record both the projectile motion

during entry and the eject& patterns.

(r mm) )n) Salinity %.
0 4 S

0

100 - 4

200- a -I Figure 2. Salinity profile
3oo - 12 for the ice sheet.

N ph- oographo7 =t~ie vertical thin sections are generally formed from
several smaller photographs. Slight differences in the shading of each
individual photograph can cause a banded appearance in the composite. This
should not be confused with the banded structure resulting from changes in
crystal size and shape.
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Figure 3. A block of test material. Note discontinuity in
structure corresponding to the onset of purely columnar growth.

Figure 4 shows the test site. The air gun, which could be fired at

angles between 60" and 90* to the ice surface, was mounted on a rolling

crosswalk that spanned the test pool. The crosswalk yas easily moved

manually along the length of the pool, allowing us to quickly reposition

the air gun over each test point. The two high-speed cameras were mounted

. I

Figure 4. Test site.
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on the crosswalk as well. The following sections describe the air gun and

carrier systems in greater detail.

Air Gun

All tests were conducted using an air gun with a quick opening valve

design to allow pressures up to 5.17 MPa (750 lb/in. 2) to drive the

projectiles. The barrel diameter could be varied on this particular gun,

although in these tests a 25.4-mm (1-in.) diameter barrel was used. The

driving gas was dry nitrogen, which was both convenient to use and readily

available. Before bringing the gun to CRREL, NSWC made a number of test

shots to check its performance. Two reluctance pickups were used at the

end of the barrel to measure the exit velocity of the projectile. Prelimi-

nary test runs with this equipment at room temperature indicated satisfac-

tory operation. However, the timing system worked sporadically in the cold

and consequently velocity measurements were not obtained for every shot.

Photography

Two Hycam high-speed cameras, running at 4000 frames per second,

provided photographic records of the penetration events. One camera was

positioned directly to the side of the gun, looking down on the test point,

and the other was positioned at the far end of the crosswalk, viewing the

impact from the side.

Two flashbulb reflectors with No. 31 flashbulbs were used: one

positioned near the side camera and the other on the ice, close to the top

camera. The available light from these bulbs lasts only 100 ms, so a delay

triggering system was used that coordinated camera start, gun firing and

flash trigger. Additionally, we used two counters to measure the time

between the triggering of the two reluctance pickups for velocity calcula-

tions.

Model characteristics

We tested the three nose shapes shown in Figure 5. All projectile

models were 25.4 mnn (1 in.) in diameter with lengths and weights given in

Table 1. The straight cone approximates a shape used by Sandia National

Laboratories, Livermore, in previous ice penetration tests. The 0.5 D flat

(i.e., the diameter of the flat region is one-half the body diameter) on a

conical section was chosen because it is a stable water-entry shape with a

5



Figure 5. Projectiles used in this study.

Table 1. Model characteristics.

Weight Lon th
No$* .... (glb]) ý= fmindl)

Full cone 545 (1.20] 451 [17.75)

0.5 D flat cone 554 [1.221 419 (16.51

Full flat 459 1.011 387 (15.251

relatively low drag. The full flat that was tested is also stable during

water entry but has a high drag coefficient and was used only for compari-

son.

The conical noses had a small section of aluminum at the tip to

prevent damage to the bottom of the test pool when the model perforated the

ice. The afterbody of these models consisted of aluminum tubing with a

tail plug designed to take advantage of cavity stabilization during water

entry. When the body tries to turn during water entry this tail comes into

contact with the cavity wall and provides a restoring force to the model.

All models used the same tail configuration, although the 0.5 D and full

6
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flat noses would not normally need the cavity stabilizing tail. The

projectiles were designed with future water-entry tests in mind. Before

the models were fired into the ice at CRREL, a few tests were made at NSWC

to check their stability during water entry. The length of the models was

fixed at this time because a shorter cone model was found to be unstable

during oblique water entry.

Testing procedure

The crosswalk was moved an appropriate distance (at least 0.3 m (1

ftj') between shots and the gun was relocated on the bridge three times as

the testing progressed. Test points generally occur in sequence from south

to north on each line of fire (Fig. 6). Prior to freezeup, we placed armor

plating under the first line of fire, approximately I m from the east edge

of the pool, and extending 4.9 m (w 16 ft) from the south edge of the

pool. All perforation shots were fired in this region.

As testing proceeded, we periodically removed blocks of ice containing

the test point to examine the fracturing and microstructural changes in the

laboratory. The ice was cut with an electric chain saw and the resulting

Line 3 2 1

I7Im"

TeittNo

21

22

Is

* T h o r m c u I 2 8

String "23

1.26

Figure 6. Test point locations

I I Ion ice sheet.
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blocks were subsequently wrapped in polyethylene and stored in a coldroom

until sectioning.

A thermocouple string located at the center of the sheet provided

temperature readings at 25-mm (1-in.) intervals through the ice. Readings

were taken periodically throughout the day. Air temperature readings were

also taken during the test period.

Most shots were fired into the nominally intact ice sheet. The sheet

was floating on approximately 0.7 m of water and was solidly frozen to the

sides of the concrete pool. Additionally, to inves!igate the effect of

target size on the penetration event, square specimens of varying sizes

were cut free from the ice sheet and floated under the air gun for testing,

after which the blocks were removed from the water and photographed.

In general, test shots were fired at 900 to the horizontal. However,

several were fired at 60* to study the change in fracture pattern and pene-

tration distance, In all tests, measurements of the depth of penetration

were taken along with measurements of the final angle of the projectile,

when applicable,

Since little is known about the effects of ice structure on the pene-

tration event, we tested a large specimen of laboratory-grown saline ice

having significantly different structural characteristics than the natural-

1•' grown ice sheet. The laboratory-grown saline ice was the same type of

mater.al used in an ice penetration study by Sandia National Laboratories,

Livermore, and is very similar to first-year sea ice. To achieve the

appropriate thermal regime, the 0.76-m-diameter, 0.38 m-high (30-in.-

diameter- 15-in.-high) block of laboratory-grown ice was placed in the pool

overnight and used for a reference test the following morning.

Characterization of ice after testing

Immediately after firing, the impact point was photographed and the

crater was cleared of loose debris and measured. An approximately 0.3-m2

(I-ft2 ) area centered on the impact point was then cut from the sheet as

detailed earlier. In all, we selected 17 of the total of 44 test shots for

thin section analysis.

These blocks were stored in a coldroom at -12%C (10F) for up to

severAl weeks until thin sectioning. Figure 7 shows the location of the

vertical and horizontal thin sections relative to the point of impact of

8
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Area

a. Perforation shot. b. Penetration shot.

Figure 7. Location of vertical and horizontal thin sections
in a tested block.

the projectile for both perforating and penetrating shots. These thin

sections allow us to determine the zones of crushing and fracturing about

the cavity. These data are expected to yield useful information regarding

the distribution of stresses in the ice during the penetration event.

RESULTS AND DISCUSSION

General

Table 2 gives information on each test, including test number, nose

shape, gun pressure, projectile velocity, length of penetration, average

temperature over the path of penetration, the angle between the projectile

and horizontal (if other than 90"), and crater dimensions.

As with any test program conducted out of the laboratory, some vari-

ables were out of our control. The most notable of these are ice thick-

ness, ice structure and temperature. As noted above, over the course of

testing the ice grew in thickness from 216 mm (8-1/2 in.) to 279 mm (11

in.). The natural nucleation and freezing conditions result in the two-

layered structure seen in Figure 1. Additionally, the ambient temperature

varied widely dtring testing, ranging from -22*C (-6*F) to near freezing.

As a consequence, the temperature of the upper portions of the ice sheet

varied as well. Fortunately, as will be discussed in detail below, the

results indicate that neither structure nor the variations in temperature

gradient had a significant effect on the depth of penetration of the pro-

jectiles. Some differences were noted, however, in how the ice deformed.

The extent of the cracking associated with crater formation about the point

of impact was the most obvious difference between the tests run at low and

high surface temperatures. At the lower temperatures, a network of cracks

9



Table 2. Summary of saline ice penetration test results.

Gun Mgt loet Hbdel Air
att Mod.el* Pr"ure Cr(atet* Crater** tsup thick wt Velocity t~Q Drf/
no. I4. (Ma) Pa#* dLa depth ('C) (u) (g) (W/) (C) thn x ntm

I a 3,45 (perf) 5.0 1,5 - 0.216 540 - -4.2 U/p 1Ade hit bottom of poo.
2 b 3.45 (ped) 5.0 2.0 - 0.216 553 - - I/i
3 a 0.69 1.75 5.0 1.75 - 0.216 554 - -4.2 l/p
4 a 1.3 2.25 0.0 0.0 - 0.216 554 - -4.2 I/in 11ournceout.
S a 2.07 5.6 4.5 2.1 - 0,216 554 - -4.2 U/ps
7 a 2.76 6.0 5.25 2.0 - 0.216 554 - -4.2 I/pa
8 a 3.10 6,75 4.25 2.0 - 0.216 554 - -4.2 1/pm
9 a 3.45 9.O 4.5 3,5 - 0,216 554 - -4.2 1/Ua

10 a 3.45 (perf) 4.0 3.5 - 0,216 554 - 4.2 U/p
11 a 2.07 3.0 3.0 3.0 - 0.24 540 - -0.6 2/1400 fb e- 23 m.
12 a 2.76 6.0 5.5 3.25 - 0.254 540 - -0.6 2/1400 Al nose pulled out.
13 a 3.45 6.5 4.0 2.75 - 0.254 540 - -0.6 2/1426 iounce, projectl. angl-87'.
"14 a 3.96 (prod) 3.0 3.5 - 0.254 540 63.4 -1 2/1500
15 a 2.76 9.5 5.0 3.0 -3.5 0.254 540 60.0 -9.9 3/0850
16 a 2.76 (port) 4.5 2.75 -3.3 0.254 540 57.2 -9.6 3/0908
17 b 2.07 4.5 4.5 2.75 -2.9 0.254 553 47.4 -4*4 3/1105 Uarpr debris, boance - 10 ma
18 b 2.76 (parf) 4.5 1.0 -2A 0.254 553 53.0 -4 3/1125 Blue, wim e•ted perforatior.
19 c 1.72 1.25 3.0 1.25 -2.8 0.254 458 58.1 -3.2 3/1331 sbioad out,
20 a 2.24 2.5 3.5 2.5 -2.9 0.254 458 - -4 3/1344 Upped e24otly, bounce-31 mu.
21 a 2.93 3.25 4.0 3.5 -2.8 0.254 458 - -4 3/1355 Pulvried Le, boneut 18 ma.
22 bl 1.31 2.75 3.5 1.5 -2.8 0.254 349 - -5.2 3/1405 Bla-math bottom in crater,
23 c 3.96 (ped) 4.3 4.0 -2.4 0.254 458 71.3 - 3/1430
26 a 2.79 8.5 8.0 0.1 -5.5 0.267 540 60,0 -21.5 4/0739 Ice returned in crater.
27 a 2.79 8.25 4.0 3.75 -5.5 0.267 540 56.4 -21 4/0826
28 a 2.79 9.0 9.5 3.0 -7.5 0.267 540 - -15 4/0900 60' ogle to horimntal.
29 b 3.31 7.5 5.75 3.0 -7.5 0.267 553 - -9 4/0930 60W ang4e to horlsontal.
31 a 0.86 1.8 1.75 O.5 -4.9 0.267 540 32.2 -1 4/1330
32 a 1.45 4.6 4.0 2.25 -5.0 0.267 540 36,7 0 4/1340
33 a 1.90 4.75 4.25 2.25 -5.0 04267 540 - 0 4/1350
34 a 2.76 5.1 4.0 2.5 -434 0.267 540 59.1 0.8 4/1356 biunm.
35 a 3.10 4.25 4.0 2.5 -5,0 0,267 540 - 0 4/1410 lkhsoe.
36 a 3.52 7.5 4.5 3.0 -4.5 0.267 540 - 0 4/1421
37 bh 3.28 7.4 3.5 2.0 -4.5 0.267 871 - 0 4/1500
38 &/f 2.76 7.25 3.5 2.0 -4.5 0.279 540 - 0 4/1520 i.oater 0.6 a square broke in

half upon reovls.
39 e/f 2.41 2.1 3.5 2.1 -4.9 0.279 458 - 0 4/1530 Floater 0.6 i square.
40 b/f 2.83 4.25 3.5 1.0 -5.0 0.279 553 - 0 4/1540 nuter 006 a square.
41 Wlf 2.76 7.75 4.5 2.5 -4.1 0.279 540 - 0 4/1530 FLoater I a aq'ure. 1 .m-

0.279 surface crack.
42 Wf 2.76 7.0 5.25 125 -6.6 0.279 540 54.4 -10.3 5/1100 tab ice 0.76m dim. -? tilt.
43 a 2.76 6.4 5.5 2.5 -5.6 0.279 540 50.6 -10 5/1145 Deep sirface cradw.
44 s/f 2.76 7.5 6.0 2.0 -4,9 0,279 540 - -9 5/1330 Floater 0.9 % squuar, surfeam

cracks.

* 25 mu (1 in.) dismterimdalsa; a- conat b w0.5 D flat; c full flat; a/f - floater.
**tematmmnts normaiseed to body diameter (1 in.); (peod) indaates complete perforation of the ice shoet.
t Avg temp - tamrat•we ovar path of penetration.

developed throughout the usual crater region, but the fractured material

was not ejected.

We developed a reference test to serve as an index for the test

program -- the conical nose shape fired at 55-61 m/s (180-200 ft/s) with a

nominal 90' impact angle. We performed this test under the full range of

temperatures on all target sizes. We also used this reference test on the

10



block of laboratory-grown saline ice having a uniform coarse-grained

structure to obtain an indication of the effects of structure on depth of

penetration.

The following sections present and discuss the findings of this test

program in detail.

Abrasion during ice entry

To address the question of the nature of the contact between the

projectile and ice, we coated the nose of two 0.5 D flat-nose projectiles

(shots 18 and 22) with blue layout fluid. Such a coating is thin and

brittle and consequently is easily removed by the slightest abrasion.

Figure 8 shows the projectile from shot 18 after recovery from the bottom

of the test pool. It had completely perforated the sheet and suffered some

random scraping during recovery, but gave no evidence of systematic abra-

sion, Additionally, no bluing was found on the ice at the test point or on

the ejecta. Shot 22 penetrated 70 nu (2.8 in.) and also evidenced no abra-

sion.

Figure 8, Projectile after shot 18. Note lack of system-
atic abrasion of the coating of blue layout fluid. This
shot perforated the ice sheet.
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These observations, along with the extremely smooth appearance of the

bottom and walls of the cavity from the penetration shot, lead us to

believe that, to some extent, there is pressure melting during penetration

that produces a lubricating water film which aignificantly inhibits abra-

sion between the ice and the projectile.

Macroscopic observations

This section is intended to give the reader an understanding of the

appearance of the ice sheets, the crater geometry and patterns of frac-

ture. Figure 9 shows test points after perforation by a flat-nose penetra-

tor (shot 23) and a conical shape penetrator (shot 16). Some debris has

been cleared from the cavity in Figure 9a and the water level is evident at

the base of the crater. In Figure 9b the fragments have not been cleared.

We removed 17 test points for further examination and thin sectioning.

Figure 10 shows a block of ice that had been cut from the sheet. It con-

tained two test pointse the projectiles were left in the ice to preserve

the geometry of the cavity. At the relatively high ambient temperatures,

the cavities would quickly fill with brine that would subsequently freese

when the blocks were brought into the coldroom for examination. Thus, we-

left the projectiles in place after certain tests to help improve the

quality of the analyses that followed the tests.

Lower surface temperatures resulted in the behavior seen in Figure

11. For this test, performed before sunrise with an ambient temperature of

-21.5*C (-6.70F), the average ice temperature was between 3 and 50C lower

than in the tests shown in Figure 9. The actual crater is quite small, but

there is a large (200-m-diameter) region of highly fractured material

centered on the test point. The lower temperature resulted in increased

brittleness near the surface of the ice sheet.

Tests made at a 60" impact angle produced craters similar to that seen

in Figure 12 for shot 29. The cavity is obviously biased, with most ejects

coming from the region ahead of the projectile. Figure 12b gives a closeup

photograph of shot 29. Note that in the above figures there is no evidence

of macroscopic cracking extending beyond the crater.
In certain low-velocity shots the projectiles did not remain firmly

lodged in the ice. The projectile either was not sufficiently supported

and leaned to one side (Fig. 13) or did not penetrate much beyond the

cavity depth and consequently fell out altogether (Fig. 14).

12
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A. Shot 16, with a full cone.

b. Shot 23, with a full flat nos..

Figure 9. Typical test points after firing.
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Figure 10. Block of ice containi~ng two test points.

Figure 11. Test point after firing a reference shot at lowi
temperature (air temperature - -21.5%, average ice temper-
atuire *-5.5*C).

4 14



a. Shot 29.
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Figure 13. Example of a low velocity shot where the projec-
tile did not lodge firmly in the ice, but remained in the
cavity (shot 21).

Figure 14. Example of a very low velocity shot that failed

to lodge in the ice, noted as a bounce out in Table 2 (shot 32).
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Thin section observations

GeneraL

After testing, the blocks containing the test points were wrapped and

stored in a coldroom until sectioning.

We took vertical and horizontal thin sections through and immediately

adjacent to the cavity. The objective of these observations was to assess

the nature and extent of damage (ise., crushing and fracturing) to the

crystal structure along the path of penetration. This information gives an

indication of the mechanics of the penetration process. Material that has

been crushed, for example, has a significantly different appearance under

cross polarized light than undeformed material. Such observations are

easily made in the columnar region of the ice sheet. However, it was often

difficult to assess the extent of crushing experienced in the upper 100 mm

of the ice because of the irregular granular structure in this region (see

Fig. 3).

Another factor that affected the results of the thin section analysis

was freezing of water in the cavity after we removed the projectile.

Ideally, every penstrator would have remained in the ice until the block

containing the test point was removed and thin-sectioned. This was done

for only two tests since it was necessary to reuse the other models several

times. Also, in a substantial number of the lower-velocity tests, the

models failed to lodge in the ice. As a consequence, most of the cavities

experienced some degree of flooding and freezing, and the associated thin

sections show evidence of this. To make the thin section photographs more

meaningful, an outline of the model has been superimposed on certain thin

sections to help the reader differentiate between the parent material and

the ice that formed after the test.

The following sections address both the penetration tests and the

perforation tests that we conducted using the three models discussed above.

Penetration tests

Figure 15 shows penetration vs gunt pressure for all shots that didn't

perforate the sheet. As expected, the cone, 0.5 D flat and the full flat-

nose shapes experienced decreasing penetration, respectively, at a given

gun pressure. The scatter in these data is most probably due to variations

in the ice sheet properties as well as to small changes in the projectile's
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Figure 15. Penetration vs gun pressure for the three
nose shape@,

angle of attack and velocity, and measurement errors resulting from the

tendency of the models to bounce under certain conditions.
I.I

Figure 16 shows thin section photographs of the point area for shots

21 (flat), 22 (0.5 D flat) and 27 (cons). Unfortunately, the freesing

problem mentioned above, along with some melting and refreeuing that occurs

as a result of the thin sectioning procedure, makes the cavity region some-

what ill-defined. The locations of the outlines of the penetrators given

in the photographs are based on penetration data and visual inspection.

The thin section from the test using the flat-nose shape (Fig. 16a)

shows evidence of a conical region of crushed material extending approxi-

mately 0.55 body diameters in front of the penetrator.

The 0.5 D flat-nose model (Fig. 16b) penetrated 70 m- and caused a

slight amount of crushing up to approximately 0.43 body diameters ahead of

the flat. The material shows some evidence of crushing to a distance of

0.24 body diameters from the tapered portion of the nose. As is the case

with many of these tests, the crushing pattern about the circumference of

the model is not radially symmetric.

Figure 16c shows the result of a 210-mm-penetration shot by the full

cone shape. The ice experienced virtually no crushing ahead of the tip,

but crushing occurs irregularly to a distance of about 0.24 body diameters

18



a, Full flat nose. b, 0.3 D flat-nose cone*

c. Full cone nose shapes..

Figure 16. Vertical thin section photographs of the point areas for the
three nose shapes. The silhouette for each shape has been superimposed on
the photographs. The none of crushing adjacent to the projectiles appears
as very fine-grained material in these photographs.

low 
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Figure 17. Vertical thin section
adjacent to the path of the pro-
jectile in shot 27. Path was to
the right side of the photograph.

along the conical region. Some relatively large segments of grains survive

in the zone of crudhing but are surrounded by highly deformed material, as

can be seen in Figure 16c to the upper left of the projectile. Figure 17

shows a vertical thin section of material adjacent to the path of the

projectile. It distinctly shows a large tapered region of crushed and

fractured material extending 100 mm out from the point of impact and

approximately 110 -m into the sheet. The actual crater for this test

extended only 50 nu from the point of impact. This particular shot (no.
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Figure 18. Typical horizontal thin
section from the upper part of the
ice sheet (shot 15). A silhouette
of the projectile has been superim-
posed on the photograph. Note the
fine-grained material adjacent to
the projectile that indicates the
extent of the zone of crushing.

27) was made at relatively low ambient temperature and, as a consequence,

the upper region was significantly colder than in most other tests.

Increased brittleness apparently brought about the tendency to develop a

large fractured zone in this test, since otherwise identical tests produced

craters of similar size but not the extensive fracture sons.

Horizontal thin sections for shot 15 (Fig. 18), which had the same

nose shape and gun pressure as shot 27, clearly show the cone of crushed

material about the path of the projectile. This zone extends from 0.16 to

0.35 body diameters into the Lee. This section was taken approximately 60

m from the surface of the ice sheet.

Figure 19 gives an indication of the deformation resulting from pene-

tration at an impact angle of 60' to the horizontal. This is a back-light-

ed section of material that clearly shows the outline of the projectile

cavity along with the aluminum tip that came off during penetration and

remained imbedded in the ice. The photograph shows the bias in the zones

of crushing and fracturing as a result of the 600 impact angle. The

deformed material appears shadowed and extends 5 to 10 mm from the cavity
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Figure 19. Back-lit thick section of the tip of the
cavity from shot 28. The aluminum tip of the nose cone
broke off during penetration. The cloudy zones adjacent
to the cavity indicate the extent of the crushed material.

along the lover side of the nose section. The crushing is much more exten-

sive on the upper side of the projectile paths, but is difficult to quanti-

fy because we do not have appropriate photographs.

There is apparently a transition depth at which the deforming ice

moves down and away from the projectile rather than up as during crater

formation. Examination oi shot 17 (Fig, 20) clearly illustrates this

behavior. Total penetration was 4.5 body diameters or 114 mm. Below the

bottom of the crater, which is 2.75 body diameters deep, the zone of

crushed material is accompanied by several cracks running for I to 2 body

diameters away from the cavity. The cracks are Inclined at approximately
*l 450 to the horizontal.

* Perforation

A number of shots were fired at sufficient velocity to perforate the

ice sheet. With the exception of shot 17, a gun pressure of 3.45 MPa (500

lb/in. 2 ) was required to perfoiate the sheet with any of the three nose

shapes. Figure 21 shows vertical thin sections taken along the cavity

formed by the conical and full flat-uose shapes with a gun pressure of 3.96

22
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Figure 20. Vartical thin section
along the cavity from shot 17.

". Projectile path was along the left
side of the photograph.
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a. Full cone nose shape (shot 14). b. Full flat-nose shape (shot 23).

Figure 21. Vertical thin section along cavities resulting from perforation.

Projectile passed to the right in a and to the left in b.
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'' Figure 22. Unusual crater formed by shot 18, Some leoone
Sdebris has been cleared, but a mound of highly deformed,

but intact, material remained around the cavity,

SMK~a (575 lb/in,2), The conical shape in Figure 21a generated a somewhat

S~larger and deeper crater.

Examination of the cavities (right side of photograph in Fig. 21a and

left side in Fig. 21b) indicates that the full flat-nosed model left a

greater length of smooth, vertical cavity wall than did the conical shape

•,• (4.5 vs 3 body diameters starting below the base of the crater). There

•'"•:,...,appears to be no significant difference between the two in the extent of

,-,"-?fracturing or crushing in the material adjacent to the cavities. Because

of the nature of the experimental setup, we could not make exit velocity

•?•,•'determinations for these tests, so ft is difficult to make statements

.4"•

i•..-•regarding the relative efficiency in these two tests.

• .'•Shot 18 was anomalous -- a 0.5 D flat-nose projectile launched at agun pressure of 2.75 UPa (400 c b/in.a) perforated the sheet. Figure 22

•,.•..•shows a photograph of the test point area with the loose debris cleared
.from the craterh Note the mound of intact but highly deformed ice in the

crater. No other test displayed this morphologyu The cavity wall is very
straight to a depens thereafter as see in Figure 23.

It appears that regions along the path of the projectile that were usually

at n id n w e nx5
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Figure 23. Vertical thin section
along the path of penetration of
shot I$. Projectile path was to
the left of the photograph.

broken free of the ice sheet during perforation were instead crushed in

places Theme reg44ns are clearly visible along the left side of the thin

section photograph in Figure 23.

There is, of course, the possibility that a significant flaw existed

in the material, but the local crystal structure is not detectably differ-

ent from that found at other test points. Additionally, the ice's response

to the shot was noticeably different from the norm. The temperature
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profile was not significantly different from that of several other shots

taken just before and after shot 18 and immediately adjacent to it on the

ice sheet.

The cavity formed when a projectile perforates the ice appears to have

three distinguishable regions: 1) a crater of approximately 3 to 6 body

diameters, 2) a section of relatively constant diameter, equal to the body

diameter, and 3) a section of increasing diameter near the exit point. The

third section tapers more gradually than the crater but, based on a limited

nu'mber of observations, appears to have a final diameter approximately

equal to the crater diameter.

The crater size does not appear to be greatly influenced by the nose

shape but was apparently reduced in diameter at low temperatures since less

material was ejected upon impact. Although most of the material about the

point of impact was not ejected, a region, roughly the size Ol a typical

crater, was extensively fractured. The length of the constant diameter re-

gion of the cavity, and consequently the length of the increasing diameter

region, varied according to nose shape.

The photograph of shot 14 (Fig. 21a), with a conical nose, shows a

region of telatively constant cavity, diameter of between 1 and 2 body

diameters in length, whereas the photograph of shot 23 (Fig. 21b), with a

flat-nose shape, has a length of approximately three body diameters for

this region.

Free-floating targets

Several square sections of ice ware cut from the min sheet and sub-

jected to the reference shot noted earlier. The targets were all 0.279 m

(11 in.) thick and measured 0.6, 0.9 and 1.1 a square respectively (24, 35,

and 43 in.). The penetrations were 7.25, 7.50 and 7.75 body diameters,

respectively, indicating no significant effect of target sise on depth of

penetration. However, the radial cracking varied significantly among the

three targets.

The largest target (1.1 by 1.1 m) evidenced no macroscopic radial

cracks. The 0.9- by 0.9-a target shoved surface cracks running from the

point of impact to the center of each edge. The smallest target (0.6 by

0.6 m) developed cracks nearly though it, running to the center of each

edge. This target broke into four pieces when we attempted to remove it

from the water for observation.
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Figure 24. Shot 28, fired at an angle of 60* to the
horizontal.

Additional observations

As mentioned earlier two tests (nos. 28 and 29) were conducted to give

us an idea of how an angled impact would affect fracturing. Figure 24

shows the impact area for shot 28, which used the full cone nose shape and

was fired at 60* to the horizontal. The nose broke off during penetration

(see Fig. 19) and the projectile came to rest at an angle of approximately

45* to the horizontal -- the extent to which the nose damage affected the

event is uncertain. The length of penetration for shot 28 was within, but

to the high side of, the range of the results for the normal-impact shots.

However, the two largest-diameter craters were formed by shots 28 and

29, which were fired at 60' angles to the horizontal. Am seen in Figure 24

(shot 28), the crater lies completely to one side of the projectile and the

ejecta consist of significantly larger pieces, on average, than the typical

normal-impact shots.

Shot 29 (Fig. 12), using the 0.5 D flat cone, came to rest at an angle

of 50' to the horizontal. It appears, however, that the projectile's axis

initially made a cavity that was at a smaller angle to the horizontal for

some distance.
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Crater si±E and ejecta characteristics

The average surface crater diameter was 4.4 ± 1.4 body diameters and

the average depth was 2.3 ± 0.9 body diameters. These dimensions do not

appear to vary systematically with nose shape, velocity or temperature.

However, the two largest-diameter craters were formed by shots 28 and 29,

which, as mentioned earlLer, were fired at 600 angles to the horisontal.

From limited observations of the eject& pattern for penetration shots,

the full flat-nose generated ejects that traveled noticeably higher and

that were finer-grained than those created by the other two shapes. The

ejects pattern for the full flat-nose shape became less violent once

the ice was perforated.

Laboratory-grown Ice response

As mentioned earlier, we fired a reference shot (full cone nose shape

fired at 2.76 MPa (400 lb/in. 2 gun pressure) into a block of laboratory-

grown saline ice having significantly different structural characteristics

than the naturally grown sheet. Figure 25 shows a vertical thin section of

this material. The average grain size was approximately 5 aand the

salinity averaged 3.5 o/oo. Figure 26 shows this specimen after test-

ing. The crater dimensions were within the range of those from the

naturally grown sheet but a few radial surface cracks propagated to the

edge of the specimen. Recall that there were no radial surface cracks in

tests done on the nominally intact sheet. The specimen was left in its

heavy cardboard mold for the shot. Interestingly, the penetration of 7

body diameters in the laboratory grown ice was nearly equal to the average

of 7.3 t 1.3 diameters for all the reference shots. This indicates that

the significantly larger grain size, the more uniform structure and the

lower salinity of the laboratory-grown ice do not have a significant effect

on penetration.

Projectile mass

We conducted two exploratory tests in which projectile mass was

varied. We fired two modified 0.M D flat cone projectile., shots 22 and

37, that had weights of 349 and 871 g respectively. There are not enough

tests to evaluate the effect of projectile mass on the penetration event.

However, it is interesting to note that shot 37, using the heavier projec-
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Figure 25. Vertical thin section
of laboratory-grown saline ice,
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Figure 26. Shot 42, fired into laboratory-grown saline ice.

tile fired at 3.28 MPa (475 lb/in. 2 ) penetrated to very nearly the same

depth as shot 29 using the standard weight projectile fired at 3.31 MPa

(480 lb/in.2) at an angle of 60'.

ADDITIONAL DISCUSSION AND RECOMENDATIONS

The test site and methodology proved very satisfantory in that we were

able to conduct a reasonable number of tests under meaningful conditions,

The thin section analysis of the tested material gave useful insight into

the mechanics and mechanisms of the penetration event by 9howing the loca-

tion and extent of zones of crushing and fracturing for projectiles of

three different nose shapes. The test also provided a means to evaluate

the relative penetration efficiency of the nose shapes.

There were advantages and disadvantages associated with testing in the

field insofar as temperature control is concerned. On the plus side, the

temperature gradient is realistic and, provided that the weather through

midday is not extremely variable, a relatively large number of tests can be

performed under nominally constant thermal conditions. In addition, early

morning tests can, at times, provide data at significantly lower surface

temperatures. On the minus side, however, are the typical winter weather
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patterns that can cause significant thermal fluctuations throughout the

day, as well as from day to day, making it difficult to carry out a series

of tests under nominally constant conditions.

Testing a floating ice sheet poses the problem that the cavity result-

ing from a perforation shot immediately fills with water. As a conse-

quence, water quickly freezes in the newly formed voids, significantly

changing the appearance of the material to the unaided eye. The appearance

of the material formed in this manner can usually be distinguished from the

parent material by the examination of thin sections under cross-polarized

light. However, this type of examination is more costly than usual photo-

graphic techniques. It would be useful to explore alternative techniques

for testing the ice on a dry, elastic foundation that would avoid these

problems.

In fact, a test series using ice blocks both in and out of the water

would allow investigation of the effects of brine drainage on the ice's

response to projectile penetration. This type of information is of concern

to those who are testing saline ice that has been removed from its growth

position for some time before testing. In this circumstance, brine of

relatively high salinity drains from the ice, under the force of gravity,

by means of intercrnn cted channels, leaving gas-filled rather than liquid-
filled voids in the structure. The extent to which this affects the ice

behavior during penetration is not well understood but is certainly worth

investigating.

The present work serves both to demonstrate the usefulness of a

certain test methodology and to show the type of information that can be

gained from careful structural analysis of the ice after the test. Being

able to see the structural damage via thin section photographs enhances our

understanding of the phenomenon. The irregular structural characteristics

of the naturally grown ice sheet made it difficult to interpret the thin

section photographs but, on the whole, the damage to to the material caused

by the penetration event was discernable.

The rather unusual crystalline structure of the ice sheet used in this

study presented some difficulties. Although limited test results indicate

that crystalline structure itself may not be of primary importance to the

penetration event, the structural characteristics of the test material

should not be ignored. Indeed, some additional testing under a range of
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conditions to clarify the role of structure would be helpful. Although the

present test results are self consistent, it would be virtually impossible

to fully duplicate the test conditions owing to the difficulties in repro-

ducing the structure of the original ice sheet. It is possible to exercise

a greater amount of control over the structure of such an ice sheet by

seeding the test pool at an appropriate time. This, coupled with reason-

able growth conditions, wll result in a imch more uniform structure than

that of the sheet tested in this work. Regarding instrumentation, although

it would be a difficult task, an underwater high-speed camera would provide

additional useful information on the manner in which the projectile breaks

through the sheet.

CONCLUSIONS

We draw the following conclusions from the work presented in this

paper.

1. Standard thin sectioning techniques clearly showed the location

and extent of zones of crushing and fracturing in the ice.

2. Projectiles of the stated geometry fired into a naturally grown

and nominally intact ice sheet generated no macroscopic cracks other than

those directly related to crater formation.

3. Zones of crushing and fracturing were unevenly distributed about

the projectile's path but were generally confined to I or 2 body diameters

from the cavity wall.

4. Length of penetration was a function of nose shape and velocity.
There was little difference between the full cone and the 0.5 D flat cone,

but the full flat none was significantly les efficient than the other two.

5. The extent of penetration was not a systematic function of the

average temperature over the length of penetration for the range of -2.4 to

-7.50C (27.7 to 18.50?).

6. The projectiles did not experience significant abrasion during

penetration or perforation of the ice sheet, an indicated by the lack of

damage to a surface coating of blue layout fluid on the projectile nose.

7. For the stated ice thickness, the depth of penetration appeared

to be independent of target saie for ice ranging from an effectively infin-

ite sheet to rectangular blocks measuring 24 body diameters on a side.
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Through-thickness radial cracks appeared in the smallest blocks, while only

surface cracks appeared in somewhat larger blocks.

8. The 0.5 D flat cone and the full flat-nose shapes showed varying

amounts of crushing ahead and to the sides of the nose, whereas the full

cone developed zones of crushing only to the sides of the nose.

9. The length of penetration into a block of laboratory-grown saline

ice, having a uniform structure of significantly larger grain size and

lower salinity, was the same as in the naturally grown ice shoet, within

the range of experimental scatter.
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